Introduction
Hydrocarbons are currently considered as the most versatile energy carriers available for the growing fuel demand of mankind. Due to several advantageous properties such as high-energy density, transportation and storage properties, this situation will certainly also continue for the next decades. 1 However, the ongoing combustion of fossil fuel resources leads to many environmental impacts including the problem of global warming. [2] [3] [4] Moreover, the conventional hydrocarbon-based fuel production chain gradually faces difficulties to keep pace with rising demand and prices. 5 As an alternative approach, a sustainable production chain for fuels should be established, where combustible chemical compounds are directly generated by utilizing sunlight as the primary source of energy. In order to obtain synthetic hydrocarbons as solar fuels, the reduction of carbon dioxide and the supply of reducing equivalents based on water as an electron donor supplier are highly desirable starting points. [6] [7] [8] [9] In this context, mixtures of carbon dioxide and hydrogen are very attractive, since they can be used in various reactors that are designed similar to the conversion of syngas (i.e. a mixture of carbon monoxide and hydrogen) into carbon-based fuels following the long-established Fischer-Tropsch process. methanol using an electrochemical cell similar to proton-exchange membrane fuel cells. This group achieved 45% energy efficiency at 10 mA/cm 2 , but unfortunately, the efficiency was decreasing with higher current densities (30% at 100 mA/cm 2 ).
The homogeneous catalysis of carbon dioxide assimilating fuel generation based on water splitting represents another interesting approach in solar fuel research. 15, 16 These artificial photosynthetic systems are inspired by the overall function of the natural enzymatic reactions, where the industrially important role of hydrogen gas as a two-electron reductant for carbon dioxide fixation is replaced by organic redox cofactors, such as nicotinamide-adenine-dinucleotide (NADH), acting as hydride-transfer reagents. In all kinds of technical scenarios following this direction, this leads to the fundamental problem of catalytic cofactor regeneration, that is, a reversible NAD + to NADH conversion to supply electrons and protons for a multistep carbon dioxide conversion into energy-rich compounds. [17] [18] [19] [20] Despite of many current activities in this direction, the most challenging basic research need is to design new efficient and robust multielectron-and multiproton-transfer catalysts for the desired reactions. To lower the actual reduction potential of the carbon dioxide reduction process, suitable redox mediators are required. [21] [22] [23] [24] Concerning the generation of carbon monoxide from carbon dioxide, rhenium complexes with bipyridine ligands are among the most frequently investigated candidates for homogeneous catalysis in terms of activities and lifetimes. 23, 25 Rhodium-based systems, on the other hand, have been successfully established for catalyzing the recycling of redox cofactors such as nicotine amides. In this context, the combination of both rhenium and rhodium complexes for the catalytic production of syngas equivalents (carbon monoxide and hydrogen or NADH) powered by solar energy is an attractive new approach that we have started to follow recently. 26, 27 These energy-storing primary reactions could then be utilized to form hydrocarbons such as methane or methanol as more convenient types of solar fuels via the established processes. 13 
Catalyst materials
At present most of the best studied catalysts are metal complexes with bipyridine ligands, where the catalyst center consists of transition metals based on rhenium, rhodium or ruthenium. Despite their high-current efficiencies and high selectivity, problems in the field of artificial solar fuel production by these catalysts are manifold. Although these molecular catalyst compounds can be used to stabilize intermediate steps of the carbon dioxide reduction process and thus lower the required overpotential, achieving a simultaneous multiple electron and proton transfer is kinetically extremely difficult to realize and over potentials of most reported catalyst systems are still significantly high. Furthermore, systems based on these catalyst materials, as reported up to now, suffer from low stability and low turnover frequency.
For photocatalysis, it is important to extend the absorption of these compounds in the visible region. One way to address this is to covalently bind the catalyst to a photosensitizer with high absorption in the visible region. One of the best results concerning quantum yield and turnover numbers (TON) was achieved by bridging a rhenium-based catalyst with a ruthenium-based photosensitizer reported by Ishitani and coworkers. 24 Another promising approach is to combine catalysts with inorganic semiconductor materials. In a recent work, Kubiak et al. showed light-assisted cogeneration of carbon monoxide and hydrogen from carbon dioxide and H 2 O in an acetonitrile/water mixture, exhibiting high Faradic efficiency at low homogeneous catalyst concentration. 28 Bocarsly and coworkers 29 reported selective reduction of carbon dioxide to methanol by combining p-GaP semiconductor electrode and pyridine as catalyst material. This attempt of a kinetically difficult 6e − aqueous photoreduction of carbon dioxide to methanol allows astonishingly low reduction potentials below the standard reduction potential of −0.52 V versus saturated calomel electrode.
The materials investigated in this study are rhenium and rhodium diimine complexes with different ligand systems. The molecular structures are shown below. Figure 1 shows the schematics of four rhenium(I) tricarbonyl chloride complexes with different diimine ligand systems, that is, (2,2ʹ-bipyridyl)Re(CO) 3 Cl (1), (4,4ʹ-dicarboxyl-2,2ʹ-bipyridyl) Re(CO) 3 Cl (2), (5,5ʹ-bisphenylethinyl-2,2ʹ-bipyridyl)Re(CO) 3 Cl 
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The (2,2ʹ-bipyridyl) and (4,4ʹ-dicarboxyl-2,2ʹ-bipyridyl) ligands were purchased from commercial suppliers (Fluka, Aldrich). The multichromophoric diimine ligand (5,5ʹ-bisphenylethinyl-2,2ʹ-bipyridyl) was synthesized from 2,2ʹ-bipyridine according to published routes through the formation of 5,5ʹ-dibromo-2,2ʹ-bipyridine and additional palladium-catalyzed Sonogashira coupling of the dibromo compound with phenylacetylene. 26, [30] [31] [32] [5,5ʹ-bis((2,6-bis-octyloxy-4-formyl)phenylethinyl)-2,2ʹ-bipyridyl] was obtained via coupling of 5,5ʹ-dibromobipyridine with 1,5-dioctyloxy-4-ethinyl-benzaldehyde. Synthesis of the rhenium complexes was then achieved by further metallation with Re(CO) 5 Cl in toluene as described in the literature. [33] [34] [35] [36] These compounds (1-4) have been further investigated for their capability of electro-and photo-catalytical carbon dioxide reduction. 
Electrocatalytic studies
Methods for electrochemical activation of carbon dioxide have long been studied, and significant progress has been made over the past decade). 7, 23, 25, 37 The electrochemical reduction of carbon dioxide usually requires a high potential of about -1.9 V versus normal hydrogen electrode (NHE) for a one-electron activation process. This high potential is partly explained by the necessary large innershell rearrangements upon electron transfer and the corresponding bending of the molecule upon one-electron activation resulting in an O-C-O angle of 133°. 38, 39 By performing the carbon dioxide reduction in a multielectron process, however, this transformation can be facilitated. As a consequence of this multielectron and atom transfer, the required reduction potentials are lowered significantly. This is reflected by the change in the equilibrium redox potentials between reactions 1 and 2 in Table 1 . 40 The equilibrium potential of the carbon dioxide reduction progressively shifts to more positive values as the number of electrons and protons participating in the reduction process increase, comparing different net reactions 3-8 in Table 1 .
Although the equilibrium reduction potentials for a proton coupled multielectron carbon dioxide reduction appear to be tolerably low; in reality however, the actual reduction potentials on bare metal electrodes are much higher than the Nernst potential due to barrier induced over potentials. In order to decrease the actual redox potential needed for the carbon dioxide reduction process, suitable catalysts are required.
Several desirable products such as methanol and others are currently industrially synthesized from syngas, a mixture of carbon monoxide and hydrogen. The electro-and photo-catalytic formation of syngas is therefore a desired path for the efficient and selective synthesis of various hydrocarbon products. 45, 46 In addition, carbon dioxide reduction by a cascade of enzymatic reactions where the cofactor NADH is consumed, has been applied to obtain methanol, while at the same time, NADH is oxidized to NAD NAD + regeneration to NADH according to reaction 9 requires a potential of about −0.32 V versus NHE at pH 7. 48 
9.
NAD H 2e NADH
When compared with hydrogen production via water splitting, thermodynamically NADH regeneration is slightly favorable. According to reaction 10 a potential of −1.14 V versus NHE (at pH 7, 25°C and an activity of NAD + of 1) is required to convert NAD + back to NADH by electrolysis in aqueous solution. This potential is slightly less compared with water electrolysis with a standard redox potential of −1.23 V versus NHE. Practically, however, for both processes, high overpotentials are necessary.
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Cyclic voltammetry
Cyclic voltammetry is a useful technique to determine the redox properties of the soluble compounds 1-6. It allows indirect studies about the catalytic activity for carbon dioxide reduction to carbon monoxide and NADH regeneration. In the presented studies, a onecompartment cell was used for cyclic voltammetry experiments, either with a platinum or glassy carbon working electrode, a platinum counter electrode and a Ag/AgCl quasi reference electrode calibrated with ferrocene/ferrocenium (Fc/Fc + ) as an internal reference. For carbon dioxide reduction experiments, the cyclic voltammogram of the metal complexes under nitrogen saturation was compared with to the spectrum in the presence of carbon dioxide. Electrochemical experiments for carbon dioxide reduction were performed in acetonitrile with 0.1-M tetrabutylammonium hexafluorophosphate (TBAPF 6 ) as supporting electrolyte. It was found that purging of the system with nitrogen or carbon dioxide respectively, for about 15 min under stirring, is sufficient to achieve gas saturation of the electrolyte solution. Figure 3 shows the cyclic voltammograms of compound 1 measured in nitrogen-and carbon dioxide-saturated acetonitrile solution, respectively. When the solution was saturated with nitrogen, compound 1 shows a one-electron quasi-reversible reduction wave with its maximum around -1200 mV versus NHE followed by a one-electron irreversible reduction wave at more negative potential around -1530 mV versus NHE. These characteristics for rheniumbipyridine-based catalysts are well known and were first reported in this contents by Lehn et al. in 1984. 52 The peak at −1200 mV of compound 1 can be attributed to a ligand-based reduction and is reversible with its reoxidation at around −1100 mV. The second reduction wave at −1530 mV can be assigned to a reduction at the metal centre and is not reversible. The other compounds presented in this article show a similar behavior.
In carbon dioxide-saturated solution ( Figure 3 , red curve), compound 1 shows a strong enhancement in current density at the second irreversible reduction wave at about −1750 mV (vs. NHE). This enhancement in current is known to be the catalytic reduction of carbon dioxide to carbon monoxide and is assumed to proceed in aprotic solvents according to reaction 2 in Table 1 . The first quasireversible reduction wave at around −1200 mV does not show a significant increase in current density and is hence not participating in the catalytic reaction directly.
Although well studied in the past, the catalytic cycle for electrochemical carbon dioxide reduction of compound 1 (and similar compounds presented herein) is still not fully understood. However, it is known that the catalytic mechanism needs an empty coordination site for carbon dioxide binding, which is identified to proceed via the loss of the halide (Cl − ). Some detailed studies on this mechanism have been carried out initially by Sullivan et al. 53 and Lehn et al. 54 in 1985 and 1986, respectively. A more recent study on this was carried out by Johnson et al. in 1996 reviewing several proposed mechanisms. although the onset is still observable. A nonreversible wave can be observed at around -1500 mV (vs. NHE), which can be attributed to the additional carboxyl groups on the bipyridyl ligand. In contrast to previously published data, 56 the modified compound 2 showed some catalytic behavior toward carbon dioxide reduction when the electrolyte solution was saturated with carbon dioxide, as can be seen in Figure 4 , red curve. However, carbon dioxide potentiostatic bulk electrolysis at -2100 mV (vs. NHE) revealed that the compound seems to be unstable and loses its catalytic activity within several minutes of electrolysis time. Figure 5 shows the cyclic voltammograms of compound 3 recorded under N 2 − and carbon dioxide-saturated acetonitrile solution. In contrast to compound 1, compound 3 does not show a clear separation between different reductive waves. In addition, the onset of the reductive current occurred at a potential around −750 mV (vs. NHE) which is about 330 mV more positive compared with compound 1 (Figure 3 ). This significant differences between compound 1 and 3 can be attributed to the addition of the bisphenylethinyl groups at the 5,5ʹ position. When compound 3 was scanned repeatedly under N 2 − saturated conditions to very negative potentials (i.e. -1600 mV vs. NHE), a violet film formed on the platinum working electrode. The origin of this film formation and its potential toward carbon dioxide reduction is currently under investigation.
When the acetonitrile solution was saturated with carbon dioxide, compound 3 showed a strong enhancement in the second reduction wave current density. In relative comparison, a 6.5-fold increase at the second irreversible reduction wave under carbon dioxide at −1750 mV (vs. NHE; Figure 5 ) was observed. Comparing this with compound 1, the relative increase in current density is higher for compound 3. A more detailed study on compound 3 has been published elsewhere. 27 Different to the compound materials 1-3, compound 4 was poorly soluble in acetonitrile. Therefore, cyclic voltammograms were measured in dimethylformamide (DMF). Figure 6 shows the corresponding cyclic voltammograms of compound 4 recorded in N 2 − and carbon dioxide-saturated DMF solution. Due to the extended ligand of this compound, the redox characteristics are much more diverse compared with above presented measurements of the more simple compounds 1-3. Within the potential of 0 to −1800 mV (vs. NHE), four distinct reversible reduction peaks can be found with their half-wave potential (E 1/2 ) at −635, −1020, −1250 and −1500 mV (vs. NHE). Since it is generally known for rhenium compounds with bipyridine ligands that a metal-center-based reduction shows an irreversible behavior, these peaks might be attributed to a ligandbased reduction. Further studies would be necessary to fully clarify their true nature. Different to the other compounds 1-3, the cyclic voltammogram of compound 4 did not reveal catalytic current enhancement within the measured potential range when the electrolyte solution was saturated with carbon dioxide. The recorded current enhancement can be attributed to the additional background current as can be seen from the scan with no catalyst present (blue dotted line).
The speed of the carbon dioxide reduction reaction is an important measure for the capability of a homogeneous catalyst. Comparison between various compounds is generally given by the rate constant k. To define k of the catalyst, usually rotating disk experiments are applied to determine the diffusion coefficient of the complex. 56 For this one can use the Levich-Koutecky equation to calculate the diffusion coefficient according to Equation 1. FAD ω υ where i L is the Levich current from the rotating disk experiment, n is the number of electrons, F is Faraday's constant, A is the electrode area, D is the diffusion coefficient, ω is the rotation rate, υ is the kinematic viscosity of the solution and C is the concentration of the analyte in solution. The catalytic rate constant (k) can then be extracted from Equation 2, which holds true for a reversible electron-transfer process followed by a fast catalytic reaction. 58 
i n D y c F (cat) k(Q)
, for determining the peak current ip of a compound with a reversible electron transfer and without any following reaction, can be elegantly used to obtain a good estimate for k from cyclic voltammetry measurements.
where ν is the applied scan rate and the other abbreviations have their described meaning. 59 The ratio of i c to i p will then yield Equation 4 , where the diffusion coefficient cancels out and hence k can be estimated knowing i c and i p . Another important quantity is the TON. It is a dimensionless number and defined as the total number of turnovers the catalyst can achieve until its total decay, independent of the time involved. 62 As such it is an important measure to evaluate the catalyst lifetime and robustness. Experimentally, it can be found by the ratio between the amounts of products formed, if there is no limit in substrate (carbon dioxide) divided by the amount of catalyst material in the system (mol reduced product of carbon dioxide/mol catalyst). Typical TON for Re(bipy)(CO)3X (X=Cl, Br) compounds are in the order of 300. Figure 7 shows a comparison of cyclic voltammograms and UV-vis absorption spectra between compounds 1 and 4. These measurements indicate the strong dependence of these compounds on the ligand system. For compound 4 the extended conjugated ligand results in a clear shift for the first reduction wave to a more positive potential. As a consequence, also the UV-vis absorption maximum (a metal-to-ligand charge-transfer [MLCT] band) is shifted to a longer wavelength as expected. This behavior is important to tune the properties of these metal-organic compounds to improve their capability for electro-and photo-catalytic carbon dioxide reduction. , a large reductive current enhancement can be observed, starting at about -200 mV versus NHE with its peak maximum at about -350 mV versus NHE. This increase in current density is attributed to the catalytic reduction of NAD + to NADH by the catalyst compound 6. The reduction of NAD + is assumed to proceed according to reaction 9, which would require a potential of about -0.32 V versus NHE at pH 7. This is considerably close to the observed potential peak of about -350 mV versus NHE. 48 
Controlled potential electrolysis
Controlled potential electrolysis experiments were generally performed in a gas-tight one-compartment or H-cell with a platinum working electrode, a platinum counter electrode and a Ag/AgCl quasi reference electrode. Although a one-compartment cell is easier to handle in terms of setup building and sealing, it has the big disadvantage that reduction products formed at the working electrode might be reoxidized on the counter electrode. This problem can be avoided using an H-cell. However, since the expected product with this type of catalysts is carbon monoxide and the solubility of carbon monoxide in a given solvent is typically in the order off 100 times less than for carbon dioxide, it is expected that little to no carbon monoxide will remain in solution. In fact, these experiments did not show any difference concerning carbon monoxide yield between the one-compartment cell electrolysis experiment and the H-cell experiment. 
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Where j is the current density, n is the number of electrons, F is the Faraday constant, D is the diffusion coefficient, c 0 is the bulk concentration, c s is the electrode surface concentration and t is the measurement time.
The slope of the line also allows calculating the diffusion coefficient D, if the bulk and electrode surface concentrations are known. The equation cannot be applied for very short time scales, since the initial concentration gradient is very high and the current as such is not limited by diffusion, but by the electron-transfer process, compare Figure 9 (a). 43 As a direct proof of the catalytic carbon dioxide reduction capability of the rhenium catalysts, headspace gas samples are taken and analyzed with regard to the carbon monoxide concentration using gas chromatography (GC) and fourier transform infrared spectroscopy (FTIR) measurements. The application of transmission IR gas measurements, compared with standard GC analysis, has several advantages. IR measurement has a very short measurement time, high reproducibility, works at ambient temperatures and pressures, shows no vulnerability to interact with a mobile or stationary phase, and the gas sample will not come in contact with the detector system. Details to this method used for carbon monoxide measurements have been reported in a previous articles. 27 The Faradaic efficiency (η F ) can then be calculated according to Equation 6.
6.
η F
Where n CO gas is the number of carbon monoxide molecules in the gas phase, n CO sol is the number of carbon monoxide molecules dissolved in solution and n e is the number of electrons put into the system during the electrolysis experiment.
The number of molecules of carbon monoxide in the gas phase was obtained by GC and FTIR analysis, while the number of molecules of carbon monoxide dissolved in the electrolyte solution was estimated using Henry's law following Equation 7.
The Henry constant k H is taken with 2507 atm mol solvent per mol carbon monoxide, derived from data of Castillo et al., 64 p is the partial pressure of the solute carbon monoxide and c is the concentration of carbon monoxide in solution. The number of electrons consumed in the carbon dioxide electrolysis was determined by integration of the current-time curve of the electrolysis experiment.
With this approach, a Faradaic efficiency for the reduction of carbon dioxide to carbon monoxide by the compound 3 of about 43% was calculated and ranks equally with the efficiencies that have been measured for compound 1. 27 Literature values of reported Faradaic efficiencies of similar or modified compounds reach values up to 100%. 44, 56, 65 A control experiment with a pure platinum plate electrode under otherwise identical conditions did not yield detectable amounts of carbon monoxide.
It has been shown that under these conditions (ACN:TBAPF 6 ) also small amounts of formate and oxalate can be formed, however, with typical Faradaic efficiencies below 1%. 44 
Photophysics and photocatalysis
The photocatalytic efficiency of different diimino rhenium carbonyl complexes for the reduction of carbon dioxide to carbon monoxide is strongly dependent on the electronic structure and the redox properties of these compounds. As stated by Takeda et al. 66 the lowest electronic excited states of bipyridine-based rhenium diimime carbonyl complexes, mainly of 3 MLCT* and 3 ππ* character, are frequently quite close in energy and may also be mixed with each other. Focusing on photochemical carbon dioxide reduction, almost all applicable catalysts have in common, that their lowest excited state is of the 3 MLCT* character with a relatively long lifetime in the 10-100 ns range. 66 This state can be quenched reductively by suitable sacrificial electron donors such as triethanolamine (TEOA or TEA) to generate a one-electron-reduced (OER) species. These OER molecules can form adducts with carbon dioxide, the structure of which is not yet fully clear. There are various propositions for this intermediate by different research groups. 53, 67, 68 In most of the suggested catalytic pathways, one of the OER-carbon dioxide adducts reacts with a second OER radical in order to obtain carbon monoxide as a reaction product and retrieve the initial catalyst. 66 The nature of the bipyridyl ligand influences the energetic levels of the possible electronic transitions upon excitation with UV and visible light. A simplified scheme of the most common electronic structure for similar rhenium carbonyl complexes is shown in Figure 10 . 66 The prototype compound Re(bpy)(CO) 3 Cl (1) is taken as a basic template for the following descriptions. Its UV-visible absorbance spectrum in toluene is shown in Figure 12 (black trace). It shows two distinct maxima at 299 and 400 nm, and the room temperature photoluminescence (red trace) at an excitation wavelength of 380 nm shows a broad emission from 450 to 750 nm with a maximum at 550 nm.
The absorbance spectra of the rhenium bipydridyl complexes 1-4 exhibit strong electronic 1 ππ* intraligand transitions of the diimine ligands in the higher energetic region, usually at wavelengths shorter than 330 nm and MLCT signatures at lower energies. 26, 69, 70 Additional weaker UV bands of IL origin can be observed for compounds 3 and 4 in the 300-320-nm spectral region. These bands suggest energetic splitting of approximately 2200 cm −1 due to coupling to phenylethinyl C^C vibrational modes. 26 The absorbance and emission data in various solvents for compounds 1-4 are summarized in Table 2 .
Besides substituent effects on the spectra, what is most remarkable and also well known about the absorbance of the described compounds is the fact that the 1 MLCT transition is strongly dependent on solvent effects; 33, 34, 36 this can also be seen in Figure 11 comparing the spectra of compound 3 in dichloromethane to the spectrum recorded in acetonitrile. In the more polar solvents such as methanol or acetonitrile, the lowest lying-1 MLCT absorbance is shifted to the red by 30 nm compared with less polar solvents such as toluene or dichloromethane.
Furthermore, the carboxyl substituted compound 2 shows a strong red shift of the MLCT of about 2770 cm −1 as compared with rhenium complex 1, due to the electron withdrawing effect of the carboxyl groups.
The photophysics of the rhenium complex 3 is dominated by the presence of the reducing rhenium(I) tricarbonyl chloride donor fragment, which leads to a luminescent lowest-energy triplet excited state of the MLCT type. In some cases, such as with compounds 3 and 4, the emission quantum yield is very low (Φ < 0.001). The broad 3 MLCT emission of 3 in dichloromethane solution is also covering a typical wide spectral region including orange and red light exhibiting a maximum at around 650 nm and showing additional shoulders at 590 and 700 nm ( Figure 13) . Interestingly, upon UV-light excitation at the absorption peak maximum of 3, the compound also shows an additional structured blue green intraligand emission with maxima at 443 and 465 nm, which is not completely quenched by the lower-lying MLCT states ( Figure 13) . 26 This is not the case for the nonsubstituted parent compound (2,2ʹ-bipyridyl)Re(CO) 3 Cl (1) ( Figure 12 ) and was found to be caused by the additional phenylethinyl groups of the diimine ligand of 3.
Comparable dual luminescence behavior has also been reported for similar multichromophore systems investigated by Schanze and coworkers. 70 In addition, compound 4, the absorbance and luminescence spectra of which are shown in Figure 14 , exhibits similar spectroscopic properties as catalyst 3. This is not surprising, considering that 3 and 4 are structurally related. The IL luminescent transition of 4 lies in the range between 400 and 500 nm in this case, whereas the 3 MLCT emission is observed in the region higher than 600 nm.
Comparing now photocatalytic carbon dioxide reduction experiments applying compounds 1 and 3, it was found that the reduction in DMF/TEOA(5:1/v:v) similar to previous works of Koike and coworkers 67 shows big differences in reaction efficiency. As has been reported by other groups before, compound 1 showed a good photocatalytic activity with a quantum yield in the range of of φ = 0.1. 67 In later experiments with the new catalyst 3, a significantly lower performance in the generation of carbon monoxide was reported under similar conditions. 27 These findings can be interpreted by analyzing the above described spectrophotometric measurements, 27 considering the assumption that a long lived 3 MLCT* state is a necessary requirement for the successful application of the catalyst in a photochemical system for the reduction on carbon dioxide to carbon dioxide.
Conclusion and outlook
In the present work, several tricarbonylchlororhenium(I)pyridyl complexes (1) (2) (3) (4) were reviewed regarding to their potential as catalysts for homogeneous electrochemical and photochemical reduction of carbon dioxide to carbon monoxide. In addition, rhodium catalysts (5,6) for electrochemical and photochemical NAD + cofactor regeneration and proton reduction were investigated.
It was found that the carbon dioxide reduction potential, determined by cyclic voltammetry, can be positively influenced by a modified ligand system. A comparison between the catalyst material 3 with added phenylethinyl groups at the 5,5ʹ position to the nonmodified catalyst 1 showed a shift in the onset carbon dioxide reduction potential by about 300 mV (vs. NHE) to more positive values. Bulk . NAD + cofactor regeneration using organometallic catalysts was also investigated by cyclic voltammetry measurements. First experiments show a large reductive current enhancement attributed to NAD + reduction to NADH at potentials of about −350 mV (vs. NHE).
Furthermore, the compounds with an extended ligand system showed significantly higher optical absorption in the visible range, which is basically a clear benefit for photocatalytic applications. However, photocatalytic experiments of compounds 1 and 3 indicate that the a modified ligand system can lead to an inversion of the lowest-lying excited state properties of such compounds from a MLCT character present in 1 to an intraligand situation present in 3. Following this argumentation it can be concluded that certain ligand-based modifications are to be avoided since it is generally assumed that the long lived 3 MLCT state is necessary for the successful application of the catalyst in a photochemical system for the direct reduction of carbon dioxide to carbon monoxide.
As a next step new and improved electro-and photo-catalysts for carbon dioxide reduction and NADH regeneration have to be developed and characterized. The modification of the attached ligand system is a suitable way for systematic tuning of the excited state properties of such materials and hence their electro-and photocatalytic abilities. A clear demonstration of this was shown by the comparison of compounds 1 and 3. Following this idea a modification where the phenylethinyl groups are attached to the 4,4ʹ position might be highly interesting, assuming a better conjugation to the metal center of the complex.
Although further catalyst improvements are crucial, finally, the two systems capable of catalytic carbon dioxide reduction and H 2 O splitting could be combined in a photo-or photoelectron-chemical cell. Such a system would be capable of solar-powered production of syngas and its equivalents (carbon monoxide and hydrogen or NADH).
